We demonstrate a SESAM modelocked thin-disk laser (TDL) based on Yb:CALGO delivering 62 fs pulses with 5 W of average power. To our knowledge, these are the shortest pulses achieved from a modelocked TDL to-date.
Introduction
SESAM modelocked thin disk lasers (TDLs) currently achieve higher average power levels and pulse energies than any other modelocked oscillator technology, making them excellent table-top candidates for high harmonic generation (HHG) at megahertz repetition rates. One challenge is the trade-off between pulse duration and average output power as shown in Fig. 1 left. Here, we address the pulse duration scaling into the sub-100-fs regime using Yb:CALGO as the gain medium. Even with a moderate average output power this regime of operation is very attractive for intracavity nonlinear frequency conversion reaching into the VUV regime with HHG.
We present a SESAM modelocked Yb:CALGO TDL that delivers 62 fs pulses at 5 W of average power. These are, to our knowledge, the shortest pulses ever obtained from a modelocked TDL. In this first experiment that aimed at exploring the pulse duration limits of this promising broadband material, we were limited in average power mainly by the poor quality and mounting of the available thin disk. Using thinner disks of higher quality contacted on diamond heat sinks should enable extending sub-100 fs performance to the multi-10 W range. Please note that even at such moderate average output power and pulse energy obtained in this first demonstration, the output peak power reaches the MW-level and the intracavity peak power is 44 MW, which opens promising new possibilities for intracavity extreme nonlinear optics [1] .
SESAM modelocked TDLs have previously demonstrated pulse energies >40 µJ in 1.1 ps pulses [2] , and 275 W of average power at a pulse duration of 583 fs [3] , both with Yb:YAG. However, with Yb:YAG the pulse duration is typically limited to >500 fs directly from the oscillator, which is insufficient for most targeted scientific applications. Extending the record performance of modelocked TDLs to the sub-100 fs regime is therefore a topic of extensive research, which goes hand-in-hand with the search of novel broadband material that meet the spectroscopic and thermo-mechanical properties for short pulse generation in the thin disk geometry [4] . CALGO for the σ-axis at different inversion levels β at which TDLs typically operate (by courtesy of Christian Kraenkel, University of Hamburg). Yb:CALGO combines very broad and smooth gain cross sections with good thermal conductivitiy, making it a good candidate for short pulse generation in the thin-disk geometry.
In the past years, many Yb-doped materials have been investigated (Fig. 1 left) . Up-to-date, the shortest pulses from a modelocked TDL were obtained with the broadband mixed sesquioxide material Yb:LuScO3 (22-nm fullwidth at half maximum (FWHM) of emission bandwidth). In this result, 96 fs pulses were demonstrated at an average power of 5 W [5] . Another very promising candidate for high-power short pulse generation is Yb:CaGdAlO4 (Yb:CALGO) [6] . It exhibits a very broad and very smooth gain spectrum (≈ 50 nm FWHM at inversion levels around 20%, Fig. 1 right) and a good thermal conductivity of 6.9 W/(m K) along the σ-axis for a 2 at.% doped crystal. In low power bulk modelocked lasers, pulses as short as 47 fs were demonstrated with 38 mW [7] , and 40 fs with 15 mW [8] . Furthermore, remarkable performances were achieved in a high-power bulk modelocked laser, reaching 12.5 W and 96 fs pulses [9] . The suitability of Yb:CALGO for the thin disk configuration was also confirmed in recent results [10] , where 28 W and 300 fs were obtained. However, the potential of this material for short pulse generation (sub-100 fs) in the thin disk geometry had not yet been fully exploited.
Experimental setup
The commercially available Yb(3.1 at.%):CALGO used in our experiments has a thickness of 223 µm and is c-cut in order to have isotropic mechanical and thermal properties in the disk plane. In addition, this allows us to operate the laser in the σ-pol, which exhibits the broadest gain cross section, which is beneficial for short pulse generation (Fig.  1 right) . The disk was soldered in house on a copper-tungsten heat sink (20% of copper) in order to have a coefficient of thermal expansion (CTE) of the substrate (8.3x10 -6 K -1 ) close to the CTE of Yb:CALGO for the σ-axis (10.1x10 -6 K -1 [6] ). The pump spot was set to a diameter of 2.1 mm. We used a fiber coupled volume Bragg grating stabilized pump diode at 979.5 nm that can deliver up to 400 W of power.
This disk was first tested in a linear multimode cavity that consisted of a curved (R = -100 mm) output coupler (T = 1.2%) and the HR side of the disk, separated by ≈ 7 cm. In this configuration, we obtained up to 45 W of output power with an optical-optical efficiency of 45% and a slope efficiency of 54%. We did not further push the average power in multimode operation to avoid damage of the disk at pump power intensities >3.0 kW/cm 2 . For the modelocking experiments, a TEM00 cavity (Fig. 2 right) was developed that could support single-mode operation (M 2 < 1.1) up to an average power of 14 W in continuous-wave (cw) operation at an output coupler transmission of 3%. Higher power in TEM00 operation was not obtained due to the poor quality and the strong astigmatism of the thin disk (Fig. 2 left) . A 5.3 mm-thick undoped YAG plate was inserted at Brewster's angle in the cavity to select the polarization and introduce the required self-phase modulation (SPM) for soliton modelocking [11, 12] . The addition of three GTI-type mirrors led to a total GDD per roundtrip of -300 fs 2 , which compensated for the total SPM of 13.7 mrad/MW.
For starting and stabilizing the modelocking mechanism, we used a SESAM with the following parameters (measured with 400 fs pulses at a wavelength of 1042 nm): a saturation fluence Fsat = 36 µJ/cm 2 , a modulation depth ∆R = 1.36%, non-saturable losses ∆Rns = 0.57%, and a rollover coefficient F2 ≈ 2000 mJ/cm 2 . Please note that our TDL operates at a center wavelength ≈10 nm away from the measurement wavelength. In order to correctly evaluate the parameters of this SESAM at its operation wavelength, nonlinear reflectivity measurements driven by our Yb:CALGO TDL are currently being carried out.
Results
With an output coupler transmission of 2.5 %, stable modelocking was obtained from 1 W up to 5 W of average power. At the maximum output power, we obtained a pulse duration of 62 fs (Fig. 3 left) . The repetition rate of our oscillator was 64.8 MHz (Fig. 3 center right) , corresponding to a maximum pulse energy of 80 nJ and a peak power of 1.1 MW. The optical-to-optical efficiency at the maximum output power was moderate (≈ 6%) mostly due to the improvable quality and mounting of the laser crystal. The output spectrum (Fig. 3 center left) had a FWHM of 22.5 nm, supporting 52 fs pulses. The corresponding time-bandwidth product of 0.38 is within 20% of the transform limit of the spectrum. The observed chirp is most likely due to uncompensated high-order dispersion in our laser cavity. In particular, the GTI mirrors were not designed for flat GDD response at around 1051 nm. We believe that optimized dispersive mirrors will allow for reaching the sub-50 fs range. Operation with a single pulse circulating in the cavity was confirmed with a fast photodiode (45 GHz) and a sampling oscilloscope (Fig. 3 right) . To our knowledge, these are the shortest pulses obtained to-date from a modelocked TDL. Power scaling to several tens of Watts should be straightforward by using disks of better quality contacted on diamond heat sinks. In particular, higher doping levels should allow efficient operation with thinner disks. Recently, a great improvement in the growth of high-quality Yb(5.4 at.%):CALGO crystals was realized and >70% slope efficiency was achieved in multimode operation [13] . These crystals are promising for future modelocking experiments at higher power levels. In addition, using low-loss SESAMs optimized for high-damage threshold and designed for operation at our laser wavelength [14] will further support higher power levels.
Conclusion
We presented an Yb:CALGO TDL with 62 fs pulse duration, which is to the best of our knowledge the shortest pulses obtained from a modelocked TDL to date. Shorter pulses should be feasible by optimizing dispersion management in the laser cavity. In this first experiment aimed at exploring the pulse duration limits of this gain material, we achieved a moderate output power of 5 W, limited mainly by the poor quality and mounting of the available thin disk. We believe that using better quality disks contacted on diamond heat sinks should enable us in the near future to achieve significantly higher power levels while keeping the pulses in the sub-100 fs regime. The short pulses should allow for a stable thin-disk oscillator frequency comb. In a separate study using this oscillator, we were able to measure strong carrier envelope offset frequency beats and performed a thorough investigation of the carrier envelope offset frequency dynamics of a TDL.
